Despite strong field and laboratory evidence of stress-controlled solution transfer, the driving forces and transport mechanisms involved are not yet well understood. To clarify the problem, we investigate the deformation of a circular pore under biaxial constant compression and filled with a fluid under pressure. It is shown that in the isotropic loading configuration, an equilibrium chemical potential, as first introduced by Gibbs, can be defined and well calculated, provided that surface and elastic energies are taken into account. When assuming the system to be at equilibrium, it is still possible to define a chemical potential for the anisotropic loading configuration although its exact calculation is no longer possible. But the chemical potential does not allow the determination of the equilibrium shape of a hole under stresses since its derivation assumes that this shape has been attained. Thus, when considering the long-term evolution of a hole which is not initially at equilibrium, another approach has to be used. We develop a theoretical treatment similar to Griffith's crack treatment involving both thermodynamics and mechanics. It allows one to predict the evolution of the pore shape by solution transfer provided that the concentration of solid in solution remains constant in the long term and the circular hole changes into an ellipse perpendicular to the applied vertical stress. The energy of the system (solid + fluid + loading device) is computed iteratively by incrementally increasing the semi-major axis of the ellipse. Equilibrium is achieved when this energy goes through a minimum. The model is then applied to the Earth's crust and leads to some predictions of the porosity structure evolution.
INTRODUCTION
Solution transfer creep is certainly an important deformation mechanism in the crust. Geologic markers exist, displaying evidence for occurrence of this mechanism (stylolitic joints, dissolution schistosity) in nature (Engelder 1982; Gratier 1983 Gratier , 1984 . Previous experiments on sandstone or quartzitic sand under stress (Renton, Heald & Cecil 1969; Sprunt & Nur 1977a ) have shown that compaction or cementation takes place in appropriate conditions. Despite this strong evidence, the driving forces and transport mechanisms involved have been the source of a great deal of controversy (Green 1984) . This, in our opinion, is partly due to the geometric complexity of the models generally used and partly to a misapplication of the basic chemical potential equation established by Gibbs (1877) from thermodynamic basic principles.
This equation is only valid in restrictive conditions that are hardly met in a natural rock under stress. The models generally used are based on pressure solution at grain-to-grain contacts (Weyl 1959; Robin 1978) . They assume dissolution at loaded-faces followed by diffusion through a thin water film within the grain interface. This intergranular water film has to be strongly adsorbed onto grain surfaces since the differential stress it is subjected to should tend to squeeze it out (Rutter 1983) . Such an adsorbed fluid-boundary film could be replaced by, or associated with, a layer of clay minerals sandwiched between two grains (Weyl 1959 ). An alternative mechanism was proposed by Tada & Siever (1986) from experiments on halite single crystals. The authors suggested a mechanism associating plastic deformation and free-face pressure solution. However, this mechanism has not yet been observed in other rocks like sandstone or limestone.
Experiments are clearly required further to understand the solution transfer phenomenon. Unfortunately, most of them lead to results which are complex to interpret (Gratier & Jenatton 1984) . Sprunt & Nur (1977b) proposed a simple and original experiment: a hole is bored into a parallelepiped of rock and filled with a fluid which dissolves the rock. The
T. Reuschle', L. Trotignon and Y . Gueguen
sample is subjected to a constant uniaxial stress. This experiment is probably the simplest one. But it turned out that the evolution of the hole shape was not in agreement with theoretical predictions based on Gibbs' equation. This result is not surprising because, as shown below, Gibbs' equation is not valid in this situation. Nevertheless, this geometry is very useful for understanding the evolution of porosity structure because porosity can be approximated by a distribution of cavities. Bosworth (1981) also made use of this simple geometry in experiments with halite single crystals. He pointed out that plastic deformation may play an important role in the evolution of the hole shape. Nevertheless, this conclusion may not apply for rocks like sandstone or limestone.
We have therefore re-analysed theoretically and simulated numerically the evolution of a single pore like the hole in Sprunt & Nur's (1977b) experiment. We concentrate here on the energy-balance and not on the kinetics. In order to present our method as clearly as possible we will first re-derive Gibbs' equation in a simple situation. We then proceed to a more general situation and extend Gibbs' equation as far as possible. When that is no longer possible, a mechanical approach is suggested. As an example, we use our results to simulate numerically the evolution of pore shape in the crust.
THE THERMODYNAMIC A P P R O A C H TO EQUILIBRIUM BETWEEN A STRESSED SOLID A N D ITS SOLUTION

Gibbs' equation
Models of solution transfer are based on the assumption that local chemical potential gradients exist in the rock. As a consequence, a diffusion of the dissolved material takes place in the fluid down these gradients. Dissolution occurs where the chemical potential is the highest, crystallization occurs where it is the lowest. The problem is to know which parameters control the chemical potential.
The chemical potential of a component of the solid in solution is given by the equilibrium condition between the stressed solid and its solution. This condition was first established by Gibbs (1877) and rederived later by Kamb (1959 Kamb ( ,1961 , Paterson (1973 ), De Boer (1977 and Lehner & Bataille (1985) . To establish the equilibrium condition, we consider the following simple system (Fig. 1) . In a cylindrical container of cross-sectional area A , a homogeneously stressed solid is in equilibrium with a fluid in which the solid can dissolve. The solid is elastic, homogeneous and isotropic. The solid-liquid interface is planar and the fluid exerts a pressure pf on it. Fluid pressure is kept constant by the use of a mobile piston (Fig. 1) . The walls of the cylinder maintain the other stress component u on the solid. If the cylinder is replaced by a parallelepiped, we can apply two different stresses u1 and u2 on the two pairs of opposite faces. We suppose that the interfaces loaded by u (or u, and uz) are rigid, that is, they are not allowed to deform, a condition which is not fulfilled in experiments on creep by solution transfer. The walls of the cylinder are impermeable to matter and temperature is kept constant in the system. We now perturb reversibly the equilibrium by either changing the total volume of the system (solid + fluid) through a displacement of the piston or else changing its total entropy. During this small perturbation, either a thin layer of solid (thickness 6x) dissolves and goes into solution in the fluid or else a thin layer of solid is deposited by crystallization onto the surface of the pre-existing solid phase in contact with the fluid phase, the new solid being of same composition and under the same state of stress as the pre-existing solid phase. During this perturbation, the interface keeps the same shape and area (it only translates), otherwise we have to introduce surface energy and elastic energy terms (due to boundary condition variations). This perturbation modifies the internal energy U of the system by an amount AU with:
where AQ is the amount of heat that the system exchanges with the external environment and AW is the amount of work done on the system during the perturbation. Energy U is considered here as a function of 2 parameters, entropy S and volume V, that is U = U ( S , V). The perturbation is associated with a variation of S and/or V (Landau & Lifchitz 1967, chapter 2) .
During the perturbation a thin uniform layer of solid dissolves and goes into solution in the fluid phase (6x > 0) (a similar derivation holds for crystallization). Because the walls are impermeable to matter, the total number of moles of solid in the system is constant, that is:
where v, = molar volume of the stressed solid, 6n = number of moles of the solid component added to the solution, A = fluid-solid contact area.
The total volume change (6v) of the system during the perturbation is given by:
where v,=molar volume of the solid component in Because of the transfer of 6n moles of solid from the solid phase to the fluid phase, the internal energy varies by an amount solution.
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The amount AQ of heat exchanged between the system and the external environment is given by solution.
where T = temperature, S, = molar entropy of the stressed solid, sf=molar entropy of the solid component in solution.
The work done on the system during the perturbation is:
because pressure pf is kept constant and a or (a, and a,) do no work. Taking account of (2) to (6), equation (1) can be rewritten as ( u f -u , ) S n = T 6 n (~f -~, ) -p f 6 n ( v f -~, )
The same derivation holds for 6x < 0 (crystallization).
By definition, the chemical potential pf of the solid component dissolved in the fluid is equal to the left quantity of this equation. Consequently, the chemical potential equation giving the condition for equilibrium between the solid and its solution is: pf = U, -Ts, + p f u c .
(7)
The above treatment was made possible by the fact that us is constant along the solid-fluid interface in this geometry. Equation (7) shows that the chemical potential of the dissolved solid depends on the state of strain of the intact solid since us is of the form (in the case of a linear elastic solid under infinitesimal strain): us = uo + ;a,l€,lvo, where uo = molar internal energy of the unstressed solid, u~, = molar volume of the unstressed solid, a,) and E,/ =components of the stress and strain
In addition, fluid pressure and hence the normal stress acting on the solid surface controls the chemical potential. This last result is the theoretical basis of all previous 'pressure solution' models: at grain-to-grain contact the normal stress is high, thus pf is high while, out of the contact, the pressure is low and so is pf. The chemical potential gradient is the driving force for diffusion of dissolved material away from the grain boundary.
The above derivation of Gibbs' equation is close to that of Kamb (1961) or Paterson (1973) , although it is not strictly identical since we have considered the internal energy U(S, V ) and not the Gibbs free energy G(P, T). The simplicity of Gibbs' equation results from the fact that all of the boundary conditions are invariant during the transformation.
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Extension of Gibbs' equation
As pointed out earlier, porosity in rock can be approximated by a population of more or less cylindrical cavities. Therefore we have to extend the above treatment to a non-planar interface. We consider the equilibrium between a stressed solid and its solution when the fluid fills an internal cylindrical pore (Fig. 2) .
Isotropic case
Consider the following system: a solid in the form of a square section parallelepiped of dimension L contains a cylindrical hole of radius R. For convenience we assume R << L. The hole contains the fluid in which the solid can dissolve. We suppose that dissolution or crystallization is confined to the hole interior. The solid is subjected to a constunt stress a on its four lateral faces (Fig. 2) . The loaded faces of the solid are no longer rigid. This is an important difference to the previous case. We assume that the fluid pressure pf is very low ( p f << a). Finally we suppose that there is no transversal chemical potential gradient (perpendicular to the plane containing a). Thus diffusion takes place in the plane containing the stresses; that is, the plane of Fig. 2 . The problem is therefore bidimensional and we can use either plane strain by assuming a solid extending indefinitely in the direction normal to the plane of Fig. 2 , or generalized plane stress by assuming the solid to be a thin plate. Further calculations will be done by using the latter approach; that is, the system consists of an infinite thin plate subjected to biaxial stress and containing a circular hole. It is obvious that this problem could also be solved as a problem of plane strain by simply replacing the true value of Poisson's ratio v by the apparent value v / ( l -v) (Fung 1965 , chapter 9).
The system is maintained at constant temperature and fluid pressure p f . Equilibrium has been achieved; that is, the solution is saturated with regard to the soluble component of the solid. The solid is allowed to deform to maintain a constant.
We now perturb reversibly the equilibrium by either changing the total volume of the system or else changing its total entropy (as in the previous case). During this perturbation a thin uniform layer of solid dissolves and goes into solution in the fluid (a similar derivation holds for the case of crystallization). The molar volume of the stressed solid (v,) is given by:
where E = Young's modulus, v = Poisson's ratio, a,,, a,, =normal and tangential stresses to the surface of the hole (Fig. 3 ). For the isotropic loading configuration, we have (Muskhelishvili 1977, chapter 15) :
app and a,, are constant around the hole, thus v , and hence u, are also constant around the hole. Consequently, the dissolved layer will have a constant thickness around the hole. The initial circular hole of radius R will change to a circular hole of radius ( R + 6 R ) . The total number of moles that go into solution in the fluid phase is then given by: 6n=-.
2nR 6 R v s
Unlike the preceding case of a planar interface, the area of the solid-fluid interface is modified during the perturbation in this geometry. Thus we have to introduce a surface energy term in equation ( 1 ) . By increasing the hole radius, we will modify the state of stress in the solid as well since the boundary conditions are modified. Therefore an elastic energy term has also to be introduced into equation (1). Because the system is allowed to deform, the external stress a as well as fluid pressure pf will do work on it. As discussed by Green (1984) , the system behaves as a spring of variable compliance. Let u be the spring displacement, k the compliance and F the force applied to it: u = kF where k = k(R). At constant F, Au = Ak F where Ak results from a variation AR. The external system will do the work AW, = F Au = F2 Ak. The elastic energy variation is AU, = 4FZ Ak.
During the perturbation, the internal energy of the system (solid + fluid) varies by an amount AU given by:
where AU, = elastic energy variation due to the boundary condition variations (hole radius increase 6 R ) or 'spring effect', AU, = surface energy variation due to the variation of area of the surface (hole radius increase 6R). AW is the sum of the work AW, done by the external stress a and the work [-p, 6n(uf -v,)] done by fluid pressure pp For a circular hole of radius R , the surface energy is given by:
where y = surface energy per unit length of hole. Thus The elastic energy U, is given by (Sih & Liebowitz 1968 , chapter 2):
4G
where G = shear modulus of the solid,
We have neglected the fluid pressure (pr<< a) in U, and supposed that the integration contour for calculation of U, is a circle of radius equal to the width L of the plate. Thus
For calculation of AW,, we use a derivation similar to Griffith's crack treatment (Goodier 1%8). We decompose the dissolution process into two steps. (1) Removal of a thin layer of solid of thickness 6R. During this step, the stresses at ( R + 6 R ) remain in their initial state (before dissolution).
This step leads to an increase AU, in surface energy and an increase (uf -us) 6n in the internal energy. U, remains constant. ( 2 ) We release the stresses at ( R + 6 R ) to fulfill the new boundary conditions at the fluid-solid interface. a and pf are kept constant. This step leads to an increase AU, in the elastic energy stored in the solid and a work AW, done by u. The work done by the constant external boundary stress a is twice the increase of strain energy (Jaeger & Cook 1969, chapter 5). Thus we have AW, = 2 AU, (as also shown above using the compliance argument). Pore shape evolution by solution transfer 539 Finally (9) can be rewritten as
Anisotropic case
Circular hole. Going a step further towards a more realistic situation, we consider now a geometry which is exactly identical to the previous one except that the compression is no longer isotropic. Therefore the applied load contains a deviatoric part. In fact this is the geometry used by Sprunt & Nur (1977b) in their experiments.
As pointed out before, the system is at equilibrium prior to any perturbation. If not, dissolution will take place over all the specimen surface to achieve saturation of the fluid. It follows a deformation of the whole sample, as observed by Sprunt & Nur, which is not due to solution transfer but to a reequilibration of the undersaturated solution. Secondly, the solid has to be elastic, isotropic and homogeneous otherwise the deformation process involves some other phenomena like plasticity or microfractures. Sprunt & Nur (1977b) used Gibbs' equation as established for a planar interface without taking account of the surface energy and elastic energy terms. Moreover, they did not include a work term for the external stress they maintained constant during their experiment. Green (1984) pointed out that problem and proposed a correction for the internal energy variation taking account of this work. This correction was more qualitative than quantitative however.
Consider then the same system as in the isotropic case but take the horizontal stress equal to EU where u is the vertical stress and 0 E < 1 (Fig. 3) . Equilibrium has been achieved.
We now perturb reversibly this equilibrium under the same constraints as in the isotropic case. We suppose that the perturbation results in the dissolution of a thin uniform layer of solid. Since equilibrium has been achieved, all points around the hole are equivalent prior to the perturbation. Thus the number of moles of solid that go into solution per unit length of hole is constant around the hole.
The stresses around the hole are given by (Muskhelishvili 1977, chapter 15): up, = -Pf? up, = 0, ua,=u{(l+E)+2(1-€)cos20}+pf, where a,,, ape and u,, are defined on Fig. 3 .
It follows from this 0 dependence of a,, that v, and hence us are not constant around the hole. Consequently, the dissolved layer will not have a constant thickness around the hole. The circular hole of radius R will not change to a circular hole of radius (R + 6 R ) as in the isotropic case.
Moreover, since us, v, and s, are not constant around the hole, the total energy variation has to be written as follows:
which leads to
By introducing the chemical potential pf of the solid component dissolved in the fluid, we have the following equilibrium condition:
This derivation was possible since all points at the hole surface are equivalent; that is us, us and s, are constant around the hole.
Equation (10) is very similar to (7) except for the two latter terms of the right-hand side which take into account the non-planar geometry of the solid-fluid interface and the deformability of the solid. The additional complexity in (10) relative to (7) arises from the fact that boundary conditions are no longer invariant during the perturbation. Let us note that the two additional terms in (10) are of opposite sign, so that they can compensate for each other. If a = 0 , small holes will have smaller chemical potentials and smaller equilibrium concentrations than large holes. However, if u # 0, pf depends also on u.
The above derivation is only valid when the loading stress u is held constant. But Gibbs' equation (7) was derived under the condition that the system is rigid, that is, the loaded faces are rigid. If we now assume that the external faces of the solid are not allowed to deform during the perturbation, u will do no work on them. Thus AW = -pr(vf-us) 6n. AU, will be the same as in the constant stress case. The elastic energy will vary due to the increase 6 R but also to a change 6u of the applied stress.
The latter change is imposed by the constant deformation condition. In that case, the spring effect can be written as: u = kF = constant or Au = 0, i.e. Ak F + k AF = 0. It results that AW, = 0 and AU, = -$F2 Ak. All, is the opposite of the previous result. As for the constant stress case, we decompose the dissolution process into the following steps.
(1) Removal of a thin layer of solid of thickness 6R without changing the initial stress state at (R + 6 R ) . This step leads to an increase AU, in surface energy and an increase (uf-u,)6n in the internal energy. (2) We release the stresses at (R + 6 R ) to fulfill the new boundary conditions. The loaded faces are kept constant. This step leads to a variation AU, = -$F2 Ak in the elastic energy of the system, and a work AWe=O. Finally, the total internal energy variation can be written as:
This equation leads to a chemical potential pf which is exactly identical to equation (10). As for Griffith's crack, the mechanical energy released is independent of the loading configuration. The integrals that appear in the r.h.s. of the above equation can be easily solved analytically. However s,( 8 ) , the entropy of the stressed solid, is unknown and is not constant since the state of stress varies with 8. Therefore, there exists no analytical form for yf although it is well defined.
Elliptical hole. We can extend the above calculations to the case where the hole has an elliptical shape (Fig. 4) . The semi-major axis is a and the semi-minor axis is b. In this case, the stresses up,, and u,, around the hole are given by (Muskhelishvili 1977, chapter 15) :
u e e = -P f + 1 + m2 -2m cos28 where rn = ( a -b ) / ( a + b ) .
The above conclusions for us, us and s, are still valid. The thickness of the dissolved layer depends upon the position in the hole. Moreover, the approximations we made for a circular hole no longer hold since we are dealing with an ellipse. It can be shown that an equation similar to (11) can be derived but the different integrals appearing in A&, AW and AU, cannot be solved analytically. It must be added that ss(8) is again unknown. We are thus unable to calculate y, which is an unknown function of a and 6 .
PORE S H A P E EVOLUTION B Y SOLUTION TRANSFER: FROM THERMODYNAMICS TO MECHANICS
In the previous section we have always made the assumption that the system under consideration is at equilibrium prior to any perturbation. The question arises now whether the chemical potential will give the equilibrium shape of a hole under a given loading configuration when the system is not initially at equilibrium. Obviously the answer is no. There exists an equilibrium potential yf for presumably any hole shape. For instance in the case of an elliptical shape, yf = yf(a, b) . It is the choice of the shape which allows the calculation of pf and not the reverse. Moreover, different elliptical shapes can correspond to the same value of y,.
Consider the system consisting in a plate containing a circular hole of radius R filled with fluid under pressure pf. We suppose this system to be at equilibrium when no additional stress is exerted on it. The chemical potential can be calculated using relation (10) with u = 0. Then we put the stresses u and EU on it as illustrated on Fig. 3 . If the system was previously at equilibrium, it is no longer at equilibrium in this new situation. Consequently, solution transfer will take place in the hole interior. The question is: what is the equilibrium shape?
The treatment we adopt is similar to that of Griffith's crack (Lawn & Wilshaw 1975, chapter 1). We will briefly review this latter approach. Consider a system consisting of a plate containing a crack of length 2a and loaded at its outer boundary. The total energy of this system is the sum of the elastic energy Ue stored in the solid, the surface energy Us due to the presence of the crack and the work We done by the external loads. Thus U = Ue + Us -We, where Ue -We is the mechanical energy of the system. It is assumed that the crack propagation process is adiabatic. The system is at equilibrium, that is, the crack is stable, when dU/da = 0 (Griffith energy-balance concept). Before transposing this approach to our problem, we have to make some assumptions on the further evolution of the hole shape.
When starting with a circular hole, there is no simple way of predicting the further evolution of its shape. Nevertheless the total internal energy of the system has to be at an extremum when equilibrium is achieved. To derive this energy, we have to calculate elastic energy terms. These calculations are easy to conduct when the hole is assumed to deform into an ellipse. Therefore, we assume that the system, if initially not at equilibrium, will change in such a way that the circular hole will deform by solution transfer into an ellipse with its semi-major axis perpendicular to the applied vertical stress u (Fig. 4) . Such an assumption is consistent with the idea that dissolution is mainly expected where local stresses are compressive and crystallization where they are extensive. It is also consistent with the observations of Sprunt & Nur (1977b) . This evolution is assumed to be adiabatic.
We make the second assumption that solution transfer is confined to the hole interior, that is, no material can diffuse out of/into it. The plane of the process is the plane of Figs 3 and 4.
If dissolution is not exactly counterbalanced by crystallization (or vice versa), the final (at equilibrium) concentration of the solid component in solution will be Pore shape evolution by solution transfer 541 different from the initial one (out of equilibrium). This means that there are still numerous ways for the system to reach equilibrium. To be able to derive a simple form for the internal energy of the system, we choose the easiest way, in our opinion; that is, we keep the same concentration in the initial and final situations: what is dissolved is exactly counterbalanced by crystallization. In other words, the fluid phase acts as a diffusion medium for solution transfer but its composition in the long term is constant although concentration gradients occur in the short term to maintain the transfer process. Thus we have r2n where bn(8) = number of moles of solid component that dissolve or precipitate at the hole surface per unit arc 68 (6n > 0 for dissolution). This is our third assumption. Let us emphasize that without this assumption or a similar one, it is impossible to calculate the equilibrium shape. Let us now transpose Griffith's crack approach to our problem. We define our system as made of the solid plate containing a circular hole, the fluid phase and the loading device which applies u and EU on the solid. This definition differs from the previous one (in Section 2) since the loading device is now included in the system. Moreover we do not consider here that pt<< u. We want to calculate the equilibrium shape for the hole in this loading configuration. The system is not at equilibrium at the beginning. During its long-term evolution from the initial circular to the equilibrium elliptical shape, the hole has attained an intermediate elliptical shape defined by axes a and b. The next step of this evolution is given by a new ellipse defined by a + 6a and b + 66. Equation (13) b v5/uo Equation (14) implies that there exists a unique relationship between the deformation of the semi-major axis ( a ) of the ellipse and its semi-minor axis (b). Therefore, the evolution of the hole shape can be parameterized by the semi-major axis (a), that is the total energy U of the system can be parameterized by a. As for Griffith's crack, when the elliptic hole deforms, elastic energy SU, is stored in the plate. Because the hole shape changes, the surface energy changes by an amount 6Us. To maintain u, EU and p t constant during the evolution, the loading system and the fluid do a work 6W. Finally, because dissolutioncrystallization occurs, there is a change 6Uc in the 'chemical' energy given by 6Uc = Jgn (uf -us) 6n(8) 68. Thus the internal energy variation 6U of the system can be written following Griffith's crack approach, that is:
where 6Ue -6W is the variation in the mechanical energy of the system. As for Griffith's crack, the system (solid+ fluid + loading device) will be at equilibrium when its internal energy U is at an extremum with respect to variations in a, that is:
If 6U/6a = 0 corresponds to a maximum in the energy curve U = U ( a ) (Fig. 5a ), the equilibrium is unstable. If the initial hole has a semi-major axis ai greater than the equilibrium value a, then the process will become irreversible and deformation by solution transfer will continue until a , , at the tip of the hole equals the compressive strength of the material. If a i < a , no deformation will occur after loading but if the process is totally reversible, after unloading the elliptical hole should deform back into a circle. Actually our computer simulations show that in order to obtain this kind of energy curve, unrealistic values have to be attributed to the parameters y, pf, u and E. Therefore, we will not consider this case any more.
The alternative is 6 U / 6 a = O which corresponds to a minimum (Fig. 5b) . The equilibrium is stable in such a situation. Starting from a circle, the hole will deform until the equilibrium shape is achieved. Deformation by solution transfer stops at this point because it would imply an increase in the system energy.
The above model allows the prediction of the long-term evolution of a circular or elliptical hole when the loading conditions are 'instantaneously' changed from a zero external stress state where the system is at equilibrium to a constant non-zero stress state. These predictions are valid as long as our assumptions are valid.
N U M E R I C A L S I M U L A T I O N OF POROSITY EVOLUTION
Evolution of a single pore
It is obvious that no analytical solution to (16) can be easily found. Thus we have to simulate numerically the evolution 1.006
1.001
of a hole up to the equilibrium deformation state. This is done by increasing progressively the semi-major axis a until condition (16) is fulfilled. We start with a circular hole a = b = R. Then we deform a by an amount 6a <<a. b increases by an amount 66 given by (14). The four quantities in (16) 
where N = ( a + b)/2, u is taken negative for compression, pr is positive.
The surface energy Us is given by us = 4y
sin' 8 + b2 COS' 8)'" 68.
6"
The 'chemical' energy variation SU, is given by
The work 6W is the sum of the work done by u and EU,
i.e. 26U,, and by the fluid pressure p f , i.e.
-pr r ( u f -v,) s n ( 8 ) 68.
As a result we obtain 6U. If 6U < 0, equilibrium is not yet achieved. We add a second increment 6a and so on until 6U = 0. Fig. 6 displays an example of a curve U = U ( a / R )
showing the equilibrium deformation when U is at minimum.
As can be seen in the four terms of equation (16), the parameters controlling the deformation process can be classified into three categories:
-3 external parameters: B, E and p f ; -3 material parameters: E, v and y (with 2G = -2 geometric parameters:
and N = (a + b)/2).
External parameters
Consider first the case of Sprunt & Nur's (1977b) experiment, that is E = O and p f = O . l M P a . When the applied vertical stress u is increased, the equilibrium deformation increases (Fig. 7) up to a limiting value: the limit depends on u and we observe the existence of a threshold u value (Fig. 8) . Thus the applied vertical stress enhances the phenomenon. The ultimate limiting equilibrium deformation is about 40 per cent in R units for a hole diameter of 1 mm. Such a deformation should be easily observed by experiment (if the kinetics are fast enough). When u exceeds the threshold value (about 10.2 MPa in our configuration) the energy decreases monotonically when a / R increases, thus deformation by solution transfer should not stop. In fact, there exist other limits to the process. Indeed, at the tip of the ellipse the compressive tangential stress uO8 can become equal to the compressive strength a, of the material when the deformation is too high. Similarly, on the vertical axis, the tensile tangential stress can become equal to the tensile strength a, of the rock if u or pf are too high. A first consequence is that the external parameters we can put on the system are restricted to a domain defined by the two strength values of the material. For example, a, = 200 MPa and ut = 11 MPa for a fine-grained limestone.
Deformation cannot be infinite even if the energy decreases monotonically because the hole would fracture when u, is reached. Thus deformation by solution transfer is only possible within a limited range of stress values.
Consider now u and pf constant. We modify the horizontal stress by increasing E with E > O , that is compression. From Fig. 9 , it can be seen that increasing E implies a reduction of deformation down to 0 when E = 1 (isotropic loading configuration). On the other hand it can be easily shown that a horizontal traction would also enhance the process.
Finally consider u and E constant. We increase pf from u/uo ECI variable (MPa) atmospheric pressure (0.1 MPa) up to a limiting value given by the restriction that the tensile strength has not been exceeded. From Fig. 10 it can be seen that increasing pf has the same effect as increasing E , that is deformation is inhibited by increasing pf. 
Material parameters
Consider first the two intrinsic elastic parameters E and v. For rocks, v lies between 0.2 and 0.3. Actually our simulations show that this v variation does not change the shape and position of the energy curve. Thus we consider in the following v constant and equal to 0.3 (a mean value for limestone). Fig. 11 displays the effect of Young's modulus on pore deformation. It can be seen that reducing E, or in other words increasing the stiffness of the rock, enhances the equilibrium deformation. The third material parameter, the specific surface energy y, depends both on the rock and the fluid (Darot & Gueguen 1986) . Slow crack growth experiments in sandstones and limestones have shown that for aqueous solutions y varies between 1 and 15 Jm-* (ReuschlC & Darot, submitted). From Fig. 12 it can be seen that reducing y enhances the solution transfer phenomenon. Actually, as for the vertical stress u, there exists a threshold for y below which the energy decreases monotonically thus leading to fracture.
Geometric parameters
Although not appearing directly in the quantities of equation (16), the radius R of the initial circular pore is the only geometric parameter controlling the process. a, 6 , m and N are the results of the deformation and depend on R. From Fig. 13 , it can be seen that increasing R enhances the deformation process. As for u and y, for a given set of stress conditions there exists a limiting R value beyond which the energy extremum disappears thus leading to fracture. Pore shape evolution by solution transfer 545
1.6
This last result will be used in the next section to simulate the porosity structure evolution in the Earth's crust using the above described model.
a/R (equilibrium) -
Application to the porosity in the crust
As was said in the first section, the proposed model can be applied to the crust if the porosity structure is supposed to be approximated by elliptical tubes. This should be a reasonable approximation for porous sedimentary rocks. In this natural case the external parameters we defined before will no longer be independent. Indeed pore pressure and vertical stress are functions of depth, so we can parameterize our model by increasing depth z . For each depth level the vertical stress is taken equal to the lithostatic pressure, that is 1.5
where p = rock density (we take p = 2.6 g cm-' for limestone), g = gravity acceleration (g = 9.8 m s-*).
As for fluid pressure, we suppose pf equal to the hydrostatic pressure (there is no fluid overpressure), that is
Thus we have fixed u and pr for each depth. The third external parameter E will be varied in the range 0 E < 1 with the restrictive conditions that u, and a, are not exceeded. If we assume further that y is constant (we take the mean value y = 6 Jm-') the second parameter we can also modify for each depth level is the radius R of the initial circular pore.
As we have seen before, for a given u and pf level, the equilibrium deformation increases when E decreases (Fig.  14) . From Fig. 15 it can be seen that at constant horizontal stress the equilibrium deformation increases when z increases up to a limiting depth beyond which the tensile strength ut is attained.
As was pointed out before, when the applied vertical stress exceeds a threshold value, the energy minimum disappears (Fig. 8) . This effect is enhanced by increasing the hole radius R (Fig. 13) . Thus we expect that the limiting radius for which the finite minimum exists will decrease by increasing depth. In other words, the deeper we are the smaller are the pores that can undergo solution transfer. Fig. 16 displays the limiting depth values for several hole radii. It follows from this figure that at depth of about 3 km, pores with initial radii greater than 10 pm have fractured, that is, the porosity will only consist of pores smaller than 10pm. Since the compressive strength of a rock increases with confining pressure (Mogi 1971) , these values should be rather regarded as qualitative guidelines for studying the porosity structure in the crust. Nevertheless the trend observed in our simulation is in agreement with other observations that the greater the depth the lower the pore radii.
(with pr = 1 g cm-'). 
R
where po is the Gibbs classical potential and the two additional contributions result from surface and deformation effects.
In going a step further by changing the isotropic loading configuration into an anisotropic one, it has been shown that the chemical potential is still defined but no analytical solution can be found since the variation of the entropy of the stressed solid around the hole is not known. The same conclusion holds for an elliptical hole.
The chemical potential does not allow the determination of the equilibrium shape for the hole. Therefore, if we are interested in the long-term evolution of a hole initially not at equilibrium, we have to modify our approach and we can no longer use the chemical potential. We have proposed a theoretical treatment similar .to Griffith's crack treatment which allows us to predict a possible evolution of a circular pore under biaxial compression and internal fluid pressure. By assuming an elliptical deformation of the hole and a longterm constant concentration of dissolved solid in the fluid, we have calculated the total internal energy variation when the hole deforms. The fact that we obtain a minimum for the energy proves that this evolution is permitted by thermodynamics.
Three groups of parameters control this evolution. The first group describes the loading configuration. The vertical stress CJ acts as a driving force for the deformation process whereas the horizontal stress cu and the pore fluid pressure pf inhibit the pore evolution. The second group describes the physico-chemical properties of the system (solid + fluid).
High values of both Young's modulus E and specific surface energy y inhibit the deformation process. The third group which describes the geometry of the pore can be synthetized into one single quantity: the initial pore radius R. As for the vertical stress u, a high value of R enhances the deformation process.
Our model applied to the crust predicts some trends of the pore structure evolution. At great depth, porosity consists essentially of small pores (the greater the depth the smaller the pores). Deformation of pore shape by solution transfer can attain values up to 50 per cent. Pores greater than a limiting value deform irreversibly until fracture occurs. This means that the phenomenon should be very important for the transport properties in the crust since flat pores enhance the connection between tube-shaped pores, thus increasing permeability. The fracture of deformed pores lead to their closure. When the applied stress equals the stress needed to close the flat pore, the anticrack model introduced by Fletcher & Pollard (1981) and also based on fracture mechanics could be a possible description of the further evolution of the fractured pore into a stylolitic joint.
The model proposed should be regarded as an attempt to give new insight into the solution transfer phenomenon without appealing to ill-defined mechanisms. It only applies to closed systems since solution transfer is confined within the system. Thus open systems are not considered here. The kinetics aspects have not been considered either, but our model suggests that they may be less important than previously thought.
